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Abstract
The influence of equal channel angular pressing on the tension–compression yield asymmetry of extruded Mg–5.3 Zn–0.6 Ca (weight percent)
alloy has been investigated. The microstructure was obviously refined by the large strain during the equal channel angular pressing, accompanied
with very fine Ca2Mg6Zn3 phases with average diameter of 70 nm. The weak tension–compression yield asymmetry after equal channel angular
pressing is mainly attributed to the reduced volume fraction of extension twinning during the compression, because the slope (k) of twinning in
Hall–Petch relationship is higher than that of dislocation slip, and the twinning deformation is difficult to take place with decreasing grain size.
The basal slip is more active in the alloy after equal channel angular pressing, due to the non-basal texture components, which hinders the twinning
activation and reduces the yield asymmetry. Furthermore, the presence of fine precipitate restricts the twinning activation, which also contributes
to the reduction of yield asymmetry.
© 2015 Production and hosting by Elsevier B.V. on behalf of Chongqing University.
Keywords: Mg–Zn–Ca alloy; Yield asymmetry; Equal channel angular pressing; Twinning; Precipitates
1. Introduction
Mg and its alloys are the least of all metals being used in
practice for structural materials [1], but the low strength and
poor ductility of the Mg alloys prepared by gravity casting
limit their industrial applications. The conventional thermo-
mechanical processing, such as extrusion, rolling and forging,
can remarkably improve the mechanical properties of cast Mg
alloys [2–4]. In contrast to cubic metals, the undesirable yield
strength asymmetry of wrought Mg alloys during the compres-
sion and tension usually appears, due to the low-asymmetry of
hexagonal close packing (HCP) structure [5,6]. Recent reports
have confirmed that when the wrought Mg alloys with the
conventional basal texture are loaded along the extrusion or
rolling direction, the twinning activation results in tension–
compression yield asymmetry [7,8]. The twinning is strongly
dependent on grain size [9], thus the role of the grain refine-
ment on the yield asymmetry of Mg alloy is of particular
interest. Moreover, fine secondary phase particles also contrib-
ute to the asymmetry of Mg alloys. Jain et al. [10] reported that
the presence of dense Mg17Al12 precipitates in aged Mg–8
Al–0.5 Zn alloy could reduce the tension–compression yield
asymmetry, through hindering the twin growth.
Recently, the ternary Mg–Zn–Ca alloys have attracted much
attention due to their low cost and superior mechanical proper-
ties; Zn and Ca, together with Mg, can obtain a stable interme-
tallic compound Ca2Mg6Zn3 with high hardness and good
creep resistance [11,12]. During the last decade, equal channel
angular pressing (ECAP) is a well-known method of fabricating
ultra-fine grained (UFG) metals and alloys, through introducing
large strain [13]. Previous studies indicated that the grain
refinement and texture evolution occurred during the ECAP,
the conventional basal-type texture of wrought Mg alloy was
remarkably weakened, and non-basal texture components could
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be formed as well [14–17], which might influence the yield
asymmetry. To date, the systematic investigations of the influ-
ence of the ECAP processing on the yield asymmetry of
wrought Mg–Zn–Ca alloys have not been reported yet, and the
corresponding mechanisms remain unclear. The purpose of this
work is to investigate the influence of microstructural and
texture evolution from ECAP on the tensile and compressive
yield behaviors of extruded Mg–Zn–Ca alloy, and give an
insight into the mechanism of room-temperature yield
asymmetry.
2. Materials and methods
The Mg–5.3 Zn–0.6 Ca (wt.%) alloy was prepared by gravity
casting under an SF6 and CO2 protective atmosphere; the melts
were held at 700 °C for 10 min and then cast into a steel mold.
The cast ingot was homogenized at 460 °C for 8 h, and then
extruded to a rod bar (with the diameter of 20 mm) at 300 °C
with extrusion ratio of 10:1. The ECAP billets, with cross-
sectional dimensions of 10 × 10 mm2 and a length of 65 mm,
were machined from the extruded bars along the extrusion
direction (ED). The ECAP was carried out at 250 °C for four
passes (route Bc [13,15], a total strain of ε ≈ 4.2), using a
designed die with internal and external angle of Φ = 90° and
ψ = 37°, respectively.
The microstructure was observed along the longitudinal
section (parallel to the normal and extrusion or ECAP
direction, ND and ED) using an Olympus optical microscope
(OM), a JEOL FESEM JSM-7000F scanning electron micros-
copy and a Philips Tecnai-F20 transmission electron micro-
scope (TEM), and the quantitative analysis of microstructure
was calculated using the software of Image-Pro Plus 5.0. Elec-
tron backscattered diffraction (EBSD) analysis was performed
using FESEM equipped with TSL MSC-2200. The global tex-
tures of Mg–Zn–Ca alloys were measured using the neutron
diffractometer TEX-2. Dog-bone shaped tensile specimens with
a dimension of 15 × 6 × 2 mm3, and rod shaped compressive
specimens with a diameter of 8 mm and a length of 12 mm,
were cut from the longitudinal section of the extruded and
ECAPed bars. The tensile and compressive tests were con-
ducted on Instron 5569 machine with a strain rate of
1.67 × 10−3 s−1 at room temperature.
3. Results and discussion
3.1. As-received microstructure and texture
Fig. 1 shows the microstructures of the as-extruded and
as-ECAPed alloys. The as-extruded alloy exhibited an equiaxed
grain structure, with average grain size of 4.0 µm (Fig. 1a). The
dynamic recrystallization process during ECAP results in an
obvious grain refinement, and the average grain size decreases
to 1.0 µm, representing an ultra-fine grained structure (Fig. 1b).
Moreover, the stringer of secondary phases (white contrast),
which has been proved as Ca2Mg6Zn3 in our previous study
[18], is elongated along the ED in the as-extruded alloy. In
contrast, a large number of finer spherical particles can be
observed in the as-ECAPed alloy, which would hinder the grain
growth and promote the grain refinement.
In order to further investigate the detailed constitution and
distribution of secondary phases, Fig. 2 shows the TEM
micrographs of the Mg–Zn–Ca alloys. The coarse Ca2Mg6Zn3
phases break into finer particles in the as-extruded alloy, with the
average diameter of ~500 nm, and very few finer precipitate
particles (~100 nm) can be also observed (shown by dashed lines
in Fig. 2a). There are a large number of finer particles with
diameter of ~70 nm in the as-ECAPed alloy (black arrows in
Fig. 2b), which is related to the precipitation process, since the
ECAP temperature in this study is about the same as the
aging temperature. Fig. 2c and d shows the high-resolution
electron microscopy (HREM) of the interfaces between the
precipitates and α-Mg matrix. These finer precipitates are
also proved as Ca2Mg6Zn3 phases; the orientation relationship
between the Ca2Mg6Zn3 precipitates and α-Mg matrix
is 0111 3302
2 6 3
( ) ( )
−α Mg Ca Mg Zn/ / 1123 2023 2 6 3[ ] [ ]−α Mg Ca Mg Zn/ / in
both as-extruded and as-ECAPed alloys, while the density
of precipitates is dramatically increased after ECAP. The
interplanar spacing of 0111( ) in α-Mg and 3302( ) in
Ca2Mg6Zn3 phase is calculated as 0.2453 and 0.2456 nm,
respectively, and thus the Ca2Mg6Zn3 phases are preferably
precipitated along the defined habit plane, in order to minimize
the lattice mismatch. The volume fraction of Ca2Mg6Zn3
precipitates in the as-extruded alloy is below 1.0%, while a large
quantity of Ca2Mg6Zn3 phases can be precipitated during
the repeating ECAP processing. Furthermore, the Ca2Mg6Zn3
Fig. 1. SEM micrographs of the (a) as-extruded and (b) as-ECAPed Mg–Zn–Ca alloy.
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precipitates of the as-ECAPed alloy are much finer than that of
as-extruded alloy, due to the lower ECAP temperature.
Fig. 3 shows the texture of the as-extruded and as-ECAPed
Mg–Zn–Ca alloys. The as-extruded alloy represents a typical
basal texture, with most {0001} planes parallel to ED
(Fig. 3a). After ECAP for 4 passes, most of {0001} planes
have been inclined ~45° to both ED and ND, and another
weak texture component with {0001} plane parallel to ED can
also been observed. The texture evolution during ECAP
processing is influenced by the strain path; the specimen is
rotated around ED in route Bc, which induced the derivation
of the conventional basal texture in the as-extruded alloy [18].
The different textures play an important role on the
mechanical properties and deformation behaviors of the
as-extruded and as-ECAPed alloys, which will be discussed in
the following section.
3.2. Tensile–compressive yield asymmetry
Fig. 4 shows the tensile and compressive curves of the
as-extruded and as-ECAPed Mg–Zn–Ca alloys at ambient tem-
perature. An obvious yield asymmetry can be observed in the
as-extruded alloy (Fig. 4a), and the ratio between compressive
yield stress (CYS, ~ 138 MPa) and tensile yield stress
(TYS, ~ 178 MPa), corresponding to a 0.2% offset, is calcu-
lated as 0.8. Furthermore, the as-extruded alloy presents the
different work hardening (WH) behaviors during the tensile and
compressive tests. An obvious yield plateau can be observed
when the compressive stress is reached above 150 MPa; the
WH rate is much lower in this low strain area. With strain
proceeding, the compressive curve becomes “concave”, the
WH rate is remarkably enhanced, and ultimate compressive
stress (UCS) is increased to 447 MPa. These “concave” curves
have also been observed previously in the extruded Mg alloys,
which resulted from 1012{ } extension twinning [19]. In con-
trast, the tensile curve is “convex”, representing a lower WH
rate, and the ultimate tensile stress (UTS) is 276 MPa.
After ECAP processing, the tensile and compressive curves
are almost the same at the initial stage of deformation (lower
strain region); the CYS and TYS are increased to 188 MPa and
180 MPa, respectively, compared with that of the as-extruded
alloy; and the CYS/TYS is increased to ~1.0 (Fig. 4b). The
work hardening rate is more intensive during the compression,
resulting in a higher UCS of 322 MPa, while the elongation is
dramatically decreased to 7.1%. The tensile curve is “convex”
during the entire plastic deformation, and the compressive
curve represents “concave” shape, especially after 3% strain,
but the slope is much lower than that of the as-extruded alloy.
The ECAP processing can effectively reduce the tension–
compression asymmetry of as-extruded Mg–Zn–Ca alloy,
Fig. 2. TEM analysis of (a) as-extruded and (b) as-ECAPed alloy, (c) and (d) HREM of dashed lined area in (a) and (b).
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which is related to the corresponding microstructure and
texture evolution.
3.3. Post-deformation microstructure
It can be assumed that the different deformation mechanisms
during the initial stage of tensile and compressive tests result in
the yield asymmetry, and the detailed microstructural evolution
during the tensile and compressive tests is shown in Fig. 5. The
microstructure of the as-extruded alloy after 2% tensile strain
(Fig. 5a) is almost the same as that of the as-received alloy
(Fig. 1a), the twinning deformation does not occur, the dislo-
cation slip dominates the initial stage of tensile deformation,
and the TYS is mainly influenced by grain size and texture.
Conversely, a large number of twins can be observed in the
specimen compressed to 2% (Fig. 5b), and the low angle grain
boundaries (LAGBs, ≤15°) are also present within the original
grains (Fig. 5c), which reveal that the initial stage of deforma-
tion is controlled by both twinning and dislocation slip. Fig. 5d
shows the misorientation angle distribution of the as-extruded
alloy compressed to 2%; the intensive peak of 85~90° is related
to the 1012{ } extension twins. According to the geometric
condition, the extension twinning occurs during the tension
parallel to the c-axis or compression perpendicular to c-axis
and results in the elongation of Mg alloys along c-axis.
Fig. 3. Pole figures of (a) the as-extruded and (b) as-ECAPed Mg–Zn–Ca alloys.
Fig. 4. Room-temperature tensile and compressive curves of the (a) as-extruded and (b) as-ECAPed Mg–Zn–Ca alloys.
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Therefore, for the as-extruded Mg–Zn–Ca alloy with basal
texture (Fig. 3a), the twinning can only occur during the com-
pression along the ED.
Fig. 6 shows the microstructure of the as-ECAPed alloy
deformed to 2%. Twinning deformation cannot be observed
during both the tension and compression, and the grain size of
α-Mg, the size and distribution of the secondary phase are
almost the same with that of Fig. 1b. Therefore, the twinning
can hardly occur in the as-ECAPed alloy, which is related to its
UFG structure. It was reported that the Hall–Petch slope of
twinning was greater than that of dislocation slip [9,19,20];
with decreasing grain size, the increase rate of critical resolved
Fig. 5. Optical microstructure of the as-extruded alloy with (a) 2% tensile strain and (b) 2% compressive strain, (c) orientation imaging microscopy and (d)
misorientation angle distribution of the as-extruded alloy with 2% compressive strain.
Fig. 6. SEM micrographs of as-ECAPed alloy deformed to 2% during (a) tension, (b) compression.
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shear stress (CRSS) for twinning was much higher. Therefore,
the twinning activation is more difficult than dislocation slip in
fine-grained Mg alloys.
For the as-extruded alloy, the flow stress for twinning
activation is much lower than that of dislocation slip due to
the intensive basal texture, and the twinning process cannot
increase the dislocation density, resulting in a low WH rate.
With further straining, a large number of twinning boundaries
have been formed, which introduces the additional barriers
to dislocation movement [19], and thus the WH rate is
remarkably increased, representing a “concave” compressive
curve, and the detailed contribution of twinning activation to
the yield stress of Mg–Zn–Ca alloys will be discussed in the
following section.
3.4. Deformation mechanism
Based on the above analysis, the deformation mechanism of
the as-extruded and as-ECAPed Mg–Zn–Ca alloys has been
clarified. The tension–compression yield asymmetry resulted
from 1012{ } twinning, which is mainly influenced by three
aspects: grain size, crystallographic texture and precipitation.
In the current study, the compressive deformation of the
as-extruded alloy is mainly controlled by twinning and basal
slip; using the law of mixture, the yield stress can be repre-
sented as [21]:
σ σ σYS TW basal TW TWX X= −( ) +1 (1)
where XTW is the volume fraction of grains within which the
twinning takes place, σYS is the yield stress, and the σbasal and
σTW are the stress in the grains undergoing basal slip and
twinning, respectively. The twinning activation is not observed
in the as-extruded alloy during the tensile test, and thus the σYS
is mainly attributed to the basal slip; the σbasal is ~178 MPa. The
value of XTW is measured as 37% in the specimen compressed to
2%, and the corresponding σTW is calculated as ~70 MPa.
The yield stress for twinning (σTW) is determined by the
CRSS (τTW) and orientation factor (Schmid factor, SF, mTW). The
crystallographic texture of Mg alloy determines the orientation
relationship between each grain and applied stress, and thus the
conventional Hall–Petch relationship can be modified as Equa-
tion(2), which is also applied when the yielding behavior is
controlled largely by dislocation slip.
σ
τ
TW basal
TW basal
TW basal
TW basal
m
k d( )
( )
( )
( ) −= + 1 2 (2)
The conventional basal fiber texture has been reported in the
extruded Mg–Zn–Ca alloy [22]; the corresponding value of
average Schmid factor ( mbasal) for basal slip is only 0.23, while
the value of mTW is calculated as 0.43 from EBSD analysis.
According to the previous study [23], the intensive basal texture
results in the groups of grains with similar orientation, facili-
tating the propagation of basal slip across the grain boundaries,
and thus the value of k is ~180 MPa. The yielding behavior of
the as-extruded alloy is mainly controlled by basal slip system
during the initial stage of tension, and the CRSS of basal slip
(τbasal) is calculated as 21 MPa, which is similar to the published
value of AZ31 alloy [24].
It was reported that the value of τTW was ~30 MPa [25],
assuming that the transition from twinning to dislocation slip
dominated deformation occurs when the value of σTW is twice as
high as σbasal in the as-ECAPed alloy (the value of mbasal and
mTW is calculated as 0.28 and 0.39 by EBSD analysis), and the
corresponding value of kTW is calculated as 433 MPaµm1/2 in
this study according to Equation (2), which is much higher than
that of dislocation slip in Mg alloy (150~350 MPa) [26–28].
The higher Hall–Petch slope (kTW) results in the effect of grain
size on twinning deformation is more obvious than dislocation
slip, which hinders the twinning activation, and thus the dislo-
cation slip is the main mechanism in the as-ECAPed alloy with
a UFG structure.
Furthermore, the crystallographic texture plays an important
role on the yield asymmetry. Yin et al. [25] reported that when
the load direction was 45° tilting to extrusion direction, the
twined grain fraction after tension and compression was almost
the same in extruded AZ31 alloy with characteristic basal
texture, which reduced the yield asymmetry. Therefore, the
volume fraction of extension twins is related to the crystallo-
graphic texture. In the current study, most of {0002} planes in
the as-ECAPed alloy were inclined about 36° to ED [22]; the
Schmid factor for extension twinning is remarkably decreased,
and thus the twinning activation is restricted during tension or
compression. On the other hand, the basal slip is favorably
activated and dominates the initial stage of deformation,
because this non-basal texture increases the Schmid factor for
basal slip, which also reduces the yield asymmetry.
Considering the contribution from the precipitations based
on the Orowan strengthening mechanism [29], the τTW should be
modified by:
τ τ
πλ γTW
TW PGb d
r
= +
−
0
02 1
ln (3)
where τ0
TW is the CRSS of extension twinning regardless of the
precipitation, G is shear modulus (19,200–8.6T) MPa, b is
Burgers vector (3.21 × 10−10 m for Mg), λ and dP are the
effective planar spacing and the mean planar diameter of
precipitations, respectively, and r0 is the core radius of
dislocations; it is convenient to assume r0 = b. The contribution
of precipitation to τTW can be calculated as ≤0.005 (the volume
fraction of precipitate is very low, and thus the value of λ is very
large) and ~3.7 MPa in the as-extruded and as-ECAPed alloys,
respectively. Therefore, the precipitation of fine Ca2Mg6Zn3
phase also restricts the activation of extension twinning and
reduces the yield asymmetry of the as-ECAPed alloy (even if
this contribution is much lower than the grain refinement),
which is consistent with the previous study [10]. Although the
effect of Ca2Mg6Zn3 precipitation on the twinning activation
can be represented quantitatively, the Orowan mechanism for
twinning activation, especially the effect of morphology and
orientation of precipitates on the CRSS for twinning and the
rate of twinning propagation, is still unclear, and more details
are needed for further study.
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4. Conclusions
1. The coarse Ca2Mg6Zn3 phases break into finer particles
after extrusion, and much finer Ca2Mg6Zn3 phases of
~70 nm precipitate along the defined habit plane during
the repeated ECAP processing.
2. The grain refinement and higher Hall–Petch slope restrict
the activation of extension twinning in the as-ECAPed
alloy, and the compression–tension yield asymmetry is
remarkably reduced; the value of CYS/TYS is nearly 1.0.
3. The texture evolution during ECAP decreases the Schmid
factor for twinning, and the fine precipitations increase
the CRSS of twinning activation, which also contribute to
the reduction of yield asymmetry.
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